Synopses
With changing food production and eating habits, new pathogens and newly recognized vehicles of infection have emerged. Recent outbreaks of foodborne illness associated with eating fresh produce have heightened concerns that these foods may be an increasing source of illness (1) . In the last decade, multiple outbreaks linked to raw seed sprouts have occurred in countries throughout the world (Table 1) . Raw seed sprouts have become a popular food item in the United States; in a recent population-based survey, 7% of respondents had eaten alfalfa sprouts in the 5 days before the interview (2) . We summarize the epidemiologic and microbiologic data from these outbreaks and review efforts to prevent sprout-associated illness.
Sprout-Associated Outbreaks
Seed sprouts have been implicated as vehicles of transmission in outbreaks of foodborne illness (Table 1) . One of the first reported outbreaks, in 1973, was associated with sprouts grown by using a home sprouting kit (3) . Soy, mustard, and cress sprouts submitted by one person with gastrointestinal illness were found to contain large numbers of aerobic sporeforming bacteria. Bacteriologic examination of seeds in previously unopened sprouting kits revealed that the soy seeds were contaminated with Bacillus cereus in pure culture, while the mustard and cress seeds had B. cereus as a minor part of their flora. After germination, all the sprouts contained large numbers of the pathogen. Fecal specimens from patients were not analyzed for B. cereus because the laboratory that processed the samples did not consider it an enteric pathogen. Bacteriologic investigation revealed that during seed germination B. cereus proliferated to >10 7 per g of sprouts. In 1987, Harmon et al. (4) recovered B. cereus from 57% of commercially sold alfalfa, mung bean, and wheat seeds intended for sprout production.
Salmonellosis
In 1988, raw mung bean sprouts were implicated in an epidemiologic study as the cause of an outbreak of Salmonella Saint-Paul infection in the United Kingdom (5) . In addition, S. Virchow was isolated from samples of raw bean sprouts and was associated with seven cases of infection. Sprouts were produced from mung bean seeds imported mainly from Australia and Thailand. In a retail survey of mung bean sprouts in Thailand, several serotypes of Salmonella were isolated from 8.7% of samples tested (6) . An outbreak of S. Gold-Coast in England and Wales in 1989 was associated with eating mustard cress sprouts grown from seed imported from The Netherlands. The outbreak serotype was isolated during routine sampling of cress sprouts from the factory 2 weeks before the outbreak occurred (7) . Cultures of cress seeds did not yield the pathogen.
In Finland, eight sprout-borne Salmonella outbreaks occurred from 1980 to 1997 (8) . In 1994, two large outbreaks of salmonellosis were linked to alfalfa sprouts (282 cases in Sweden and 210 cases in Finland) (9) . Both outbreaks were caused by S. Bovismorbificans; the implicated sprouts were grown from Australian alfalfa seeds.
In 1995, a large international outbreak of S. Stanley infections in Finland and 17 states in the United States was caused by alfalfa sprouts grown from contaminated seeds (10) . S. Stanley isolates from patients in Finland and the United States had an indistinguishable DNA pattern by pulsed-field gel electrophoresis (PFGE) and an unusual antimicrobial resistance pattern that was identical among outbreak strains but differed from S. Stanley strains isolated from nonoutbreak-related cases. Sprouts that caused the outbreaks in both countries were grown from seeds obtained from the same shipper in The Netherlands, suggesting the seeds were contaminated at some point during growing, harvesting, or processing.
In late 1995 and early 1996, outbreaks of salmonellosis in Denmark and Oregon and British Columbia, Canada, were associated with eating alfalfa sprouts contaminated with S. Newport (11) . Patients in this multinational outbreak had eaten alfalfa sprouts grown from four separately numbered lots of alfalfa seeds. The seeds implicated in the North American outbreaks were shipped by the same Dutch firm Synopses implicated in the S. Stanley outbreak. A retrospective study determined that substantial increases in S. Newport infections occurred in Denmark and several states in the United States during the time that these seeds were likely to have been sprouted and eaten (11) . PFGE patterns of S. Newport isolates from the Oregon and British Columbia outbreaks were indistinguishable from each other (11) and from isolates obtained during S. Newport outbreaks in late 1995 in Georgia and Vermont in the United States and in June 1995 in Denmark. Cultures of the implicated seeds yielded S. Newport (12) .
In June 1996, the largest recorded sproutassociated outbreak in the United States occurred in California, resulting in >450 cultureconfirmed cases of infection with Salmonella serotypes Montevideo and Meleagridis (13) . The same strain of S. Meleagridis was isolated from patients and from alfalfa sprouts obtained from retail stores and the sprouting facility. Investigation at the sprouter revealed unsanitary sprouting practices and suboptimal employee hygiene. At the farm where the implicated alfalfa seed was grown, chicken manure was used to fertilize the field before planting. Horses grazed in adjacent fields, and their manure was collected and stored next to the alfalfa field.
An outbreak of Salmonella serotypes Infantis and Anatum, which occurred from February through June of 1997 in Kansas and Missouri, was associated with eating contaminated alfalfa sprouts produced by a local sprouter (14) . On the basis of epidemiologic, traceback, and laboratory findings, the source of Salmonella contamination in this outbreak was determined to be alfalfa seeds.
In October 1997 in Alberta, Canada, an outbreak of S. Meleagridis infections was linked to eating alfalfa sprouts, and the outbreak serotype was isolated from retail product (15) . During the same period, cases of S. Meleagridis infection with the same phage type occurred in persons who had eaten sprouts produced by sprouters in two other provinces but grown from the same alfalfa seed lot as the one implicated in Alberta.
In Northern California, in late 1997 and June 1998, two clusters of S. Senftenberg infections were associated with eating an alfalfa and clover sprout mixture; because the two types of sprouts were always mixed before sale, it was not possible to determine which type of seed was implicated (Mohle-Boetani J, pers. comm.).
Cultures of clover and alfalfa seeds used to grow the implicated sprouts did not yield S. Senftenberg.
In May 1998, a cluster of S. Havana infections among patients in Arizona and California was linked to eating alfalfa sprouts (Mohle-Boetani J, pers. comm.). An outbreak of S. Cubana infections occurred from May to September 1998 among residents of Arizona, California, and New Mexico, also linked to eating alfalfa sprouts from the same grower implicated in the S. Havana outbreak. Alfalfa sprouts eaten by patients in both clusters were grown from the same seed lot, and cultures of seed from this implicated lot yielded S. Havana, S. Cubana, and S. Tennessee (Mohle-Boetani J, pers. comm.).
Enterohemorrhagic Escherichia coli Infection
Escherichia coli O157:H7 infection has also been related to eating sprouts. In the worlds largest reported outbreak of E. coli O157:H7 infections, which occurred in Japan in 1996, white (daikon) radish sprouts were epidemiologically linked to approximately 6,000 of the nearly 10,000 cases reported (16) . The pathogen was not detected in cultures of implicated seeds. In the following year, white radish sprouts were again implicated in an outbreak of E. coli O157:H7 infection affecting 126 people in Japan (17) .
In July 1997, simultaneous outbreaks of E. coli O157:H7 infection in Michigan and Virginia were linked by independent epidemiologic investigations with eating alfalfa sprouts grown from the same lot of seeds (18) . Molecular subtyping by PFGE revealed that strains from outbreaks in both states were indistinguishable. The simultaneous occurrence of two geographically distinct outbreaks linked to the same lot of alfalfa seeds and caused by the same strain of E. coli O157:H7 strongly suggested that contaminated seeds were the source.
In June 1998, a cluster of E. coli O157:NM infections in Northern California and Arizona was associated with eating an alfalfa and clover sprout mixture produced by the same sprouter implicated in the S. Senftenberg outbreak (Mohle-Boetani J, pers. comm.). E. coli O157:NM isolates from the patients had indistinguishable PFGE patterns.
Attempts to Control Microorganisms During Sprouting
Alfalfa and other types of seeds intended for sprouting are considered raw agricultural Synopses commodities. Seeds are harvested and transported from fields to sprouting facilities by methods similar to those used by the cereal grain and fresh produce industries. Grains, fruits, and vegetables may become contaminated with pathogenic microorganisms, e.g., B. cereus, Salmonella, or E. coli O157:H7, while growing in fields or orchards or during harvesting, handling, processing, and distribution (19, 20) . Alfalfa seeds generally contain 10 2 to 10 5 aerobic mesophiles per gram (21, 22) . Piernas and Guiraud (23) reported that the microflora on rice seed exceeded 10 7 colony-forming units (cfu)/g. This naturally occurring population can rapidly increase during germination and sprouting, which is characterized by high moisture and a temperature generally in the range of 21°C to 25°C. Consequently, if seeds become contaminated with a pathogen, the sprouting process provides excellent conditions for its growth and distribution.
Populations of microorganisms on other seeds and sprouts have been studied. Potter and Ehrenfeld (24) detected non-O157 E. coli in 5 of 48 samples of mung bean seeds and mature bean sprouts, indicating possible fecal contamination. Alfalfa sprouts and bean sprouts in retail stores have been shown to contain microbial populations of 10 8 to 10 9 cfu/g (25); 6 of 23 retail samples of alfalfa sprouts contained >10 5 fecal coliforms per gram. Onion sprouts can contain >10 9 aerobic microorganisms per gram (20) . Mung bean sprouts from restaurants may contain >10 6 cfu/g (26) . Jaquette et al. (27) demonstrated that populations of S. Stanley in the range of 10 2 to 10 3 cfu/g can increase slightly during 6 hours of soaking, by approximately 10 3 cfu/g during a 24-hour germination period, and by an additional 10 1 cfu/g during a 72-hour sprouting stage, resulting in a 5-to 6-log overall amplification during the sprouting process. Pooled Salmonella serotypes inoculated onto mung beans and alfalfa seeds increased substantially during seed germination (21) .
Growth characteristics of E. coli O157:H7 on radish sprouts have been studied. Itoh et al. (28) demonstrated the presence of E. coli O157:H7 not only on the surfaces but also in the inner tissues and stomata of cotyledons of radish sprouts grown from seeds inoculated with the bacterium. When radish seeds or radish sprout roots were soaked in a suspension of E. coli O157:H7, the edible parts (cotyledons and hypocotyl) became heavily contaminated (>7 log cfu/g) (29) . Taormina and Beuchat (30) showed that E. coli O157:H7 inoculated onto alfalfa seeds reached 10 6 to 10 7 cfu/g within 48 hours after the sprouting process began. Populations on mature sprouts subsequently held at 9±2°C for 6 days remained essentially unchanged. Growth of E. coli O157:H7 to 10 7 cfu/g of alfalfa sprouts has also been reported by Ingram et al. (31) .
Chemical Treatment as an Intervention
Numerous studies have been done to determine the effectiveness of a wide range of chemicals in killing pathogenic bacteria on seed sprouts and seeds intended for sprout production ( Table 2 ). The efficacy of these chemicals as influenced by concentration, temperature, and time of exposure to contaminated seeds has been investigated. No single treatment has been demonstrated to reliably reduce populations of pathogens by more than approximately three logs.
Piernas and Guiraud (32) investigated different methods of disinfection of rice seeds. They observed 10 2 to 10 3 reductions in aerobic plate counts from rice seeds after treatment with 1,000 ppm NaOCl or 10,000 ppm (1%) H 2 O 2 at room temperature. Ethanol was very effective in killing naturally occurring microorganisms, although it inhibited seed germination. Becker and Holzapfel (33) surveyed commercial prepackaged sprouts (alfalfa, lentils, wheat, peas, raphanus, sunflower, mung bean, and red radish) and found Enterobacteriaceae and pseudomonads to be the dominant groups of bacteria, with counts of 10 4 to 10 5 cfu/g. Washing sprouts in water did not remove bacteria; this treatment has been shown to reduce numbers of E. coli and Salmonella by no more than 1 log (24).
Treatment of bean sprouts with ozone has been shown to decrease microbial populations (34) . Chlorine treatment, however, is ineffective in killing large numbers of naturally occurring microflora on seeds. Splittstoesser et al. (35) reported that treatment of sprouting mung beans with soak and rinse water containing 100 ppm chlorine reduced the natural microflora by <1 log; treatment of mature sprouts with 5,000 ppm chlorine resulted in a 2-log decrease (36) .
The efficacy of chemicals in killing Salmonella on alfalfa seeds has been reported by several researchers. Jaquette et al. (27) evaluated chlorine and hot water treatments for their effectiveness in killing S. Stanley inoculated onto alfalfa seeds at populations of 10 2 to 10 3 cfu/g. Significant reduction (p<0.05) in population was observed when seeds were treated with 100 ppm chlorine for 5 or 10 minutes, and further reduction occurred after treatment with 290 ppm chlorine. Populations of 10 1 to 10 2 cfu of S. Stanley per g were reduced to undetectable levels (<1 cfu/g) after seeds were treated with 2,040 ppm chlorine solution. On the basis of these findings, in March 1996 the U.S. Food and Drug Administration recommended that sprout growers soak alfalfa seeds in 500 to 2,000 ppm chlorine solution for 30 minutes before sprouting. However, in none of the subsequent U.S. outbreaks listed in Table 1 was there documented evidence that this recommendation had been followed.
In another study, 10-minute treatment in solutions containing Ca(OCl) 2 or NaOCl at concentrations of 1,800 and 2,000 ppm chlorine, respectively, as well as 6% H 2 O 2 or 80% ethanol, reduced Salmonella populations on alfalfa seeds by >3 logs (37) but did not eliminate the pathogen. Taormina and Beuchat (38) studied the efficacy of various chemical treatments in eliminating 2.0 to 3.2 log 10 E. coli O157:H7 per g from alfalfa seeds and survivability of the pathogen on seeds during prolonged storage. Significant reductions (p<0.05) in population of E. coli O157:H7 on inoculated seeds were observed after treatments with 500 or 1,000 ppm chlorine [as Ca(OCl) 2 ] for 3 but not 10 minutes and with 2,000 ppm Ca(OCl) 2 , regardless of pretreatment with a surfactant. Populations were reduced after treatment with 30% or 70% ethanol for 3 or 10 minutes, although germination percentage dramatically decreased. Treatment with 0.2% H 2 O 2 for 3 or 10 minutes significantly (p<0.05) reduced populations of E. coli O157:H7 on alfalfa seeds, and the organism was not detected by direct plating after treatment with 1% H 2 O 2 . However, the pathogen Synopses was detected by enrichment in seed treated with 8% H 2 O 2 for 10 minutes. The initial populations of 3 log 10 cfu of E. coli O157:H7/g of dry seeds stored at 5°C remained relatively constant for 20 weeks.
Taormina and Beuchat (30) investigated the growth of E. coli O157:H7 on alfalfa seeds at various stages during sprouting as affected by NaOCl, Ca(OCl) 2 , acidified NaClO 2 , acidified ClO 2 , Na 3 PO 4 , or H 2 O 2 . Spray application of 2,000 ppm NaOCl, 200 and 2,000 ppm Ca(OCl) 2 , or 500 ppm acidified ClO 2 to germinated seeds significantly (p<0.05) reduced the population of E. coli O157:H7. None of the chemical treatments evaluated eliminated E. coli O157:H7 on alfalfa seeds and sprouts.
Application of heat to kill pathogens on alfalfa seeds has been investigated. Treatment of seeds containing approximately 260 cfu of S. Stanley per g at temperatures from 54°C to 71°C for 5 or 10 minutes was studied by Jaquette et al. (27) . Treatment at 54°C reduced the number to 6 to 9 cfu/g. Treatment at 57°C for 5 minutes reduced populations to <1 cfu/g. Heating seeds at 54°C, 57°C, or 60°C for 5 minutes did not substantially reduce the viability of seeds; however, treatment at these temperatures for 10 minutes reduced viability from 96% (control) to 88%, 84%, and 42%, respectively. Although heat treatment appears to be effective in killing S. Stanley on alfalfa seeds, the range of temperatures that can be used is narrow, i.e., 57°C to 60°C for 5 minutes. Lower temperatures may not kill the pathogens, and higher temperatures or longer exposure time (10 minutes) decreased germination. Heating (55°C) alfalfa seeds containing 2.2 to 2.3 log 10 cfu of E. coli O157:H7 per g in solutions containing up to 20,000 ppm chlorine, 1,200 ppm acidified sodium chlorite, 500 ppm acidified ClO 2 , 5% H 2 O 2 , or 8% Na 3 PO 4 for 3 minutes did not eliminate the pathogen (38) .
The use of gamma irradiation to eliminate E. coli O157:H7 on alfalfa seeds and sprouts has been investigated (39) . Studies at the U.S. Department of Agriculture have shown that doses approved for irradiating meat (which are higher than the 1.0 kiloGray dose allowed for fruits and vegetables) control Salmonella and E. coli O157:H7 on alfalfa sprouts. Both pathogens are more resistant to irradiation on dry seeds than on sprouts. At doses required to eliminate E. coli O157:H7, germination of seeds was not affected. These preliminary results need to be confirmed by other studies.
Conclusions
Eating seed sprouts has been associated with numerous outbreaks in the United States and other countries, resulting in thousands of culture-confirmed illnesses; multiple pathogens have been involved, including E. coli O157, B. cereus, and many serotypes of Salmonella. Although most outbreaks have been associated with alfalfa sprouts, other raw seed sprouts have also been linked to illness.
Sprouts follow a complex path from farm to table that includes growing, harvesting, processing, and shipping of seeds, followed by sprouting and distribution of the finished product. Contamination can occur at any of these points in production and distribution. Measures that may help to reduce seed contamination include ensuring the use of properly treated manure as fertilizer on fields; using clean equipment to harvest, transport, and process seeds; and preventing contamination of seeds by rodents or other animals during processing, distribution, and storage. Some types of seeds used to produce sprouts for human consumption are also used to produce forage for animal feed, so these measures to reduce contamination may require changes in current agronomic, harvesting, and storage practices. At sprouting facilities, efforts must be made to ensure that good manufacturing practices are followed and that employees have access to adequate sanitary and handwashing facilities. Sprouters should be registered with the appropriate state and federal regulatory authorities to facilitate appropriate monitoring and inspection. To reduce the risk of sproutassociated foodborne disease, a comprehensive approach based on good manufacturing practices and principles of hazard analysis and critical control points needs to be implemented.
Compared with other fresh produce, sprouts pose a special risk because the sprouting process is a potent bacterial amplification step that occurs shortly before marketing and consumption. Pathogens can exceed 10 7 per gram of sprouts during sprout production without adversely affecting the appearance of the product. Thus, technical approaches to ensuring sprout safety may require several steps to remove pathogens from seeds both before they Synopses are sprouted and during the sprouting process. The most effective chemical treatment currently available is soaking alfalfa seeds in 20,000 ppm active chlorine for at least 10 minutes before sprouting (38) . However, this treatment may not be sufficient to eliminate the risk. Further research is needed to identify specific interventions, either applied alone or in combination with other chemical or physical treatments, to eliminate pathogens from contaminated seeds. The effort to address these research needs has resulted in an ongoing collaborative effort among industry, academia, and government, which provides a model example of interagency cooperation to prevent foodborne diseases (40, 41) . However, until effective measures to prevent sprout-associated illness are identified, persons who wish to reduce their risk for foodborne illness from raw sprouts are advised not to eat them; in particular, persons at high risk for severe complications of infections with Salmonella or E. coli O157:H7, such as the elderly, children, and those with compromised immune systems, should not eat raw sprouts (18, 42) .
Illness associated with eating sprouts and other fresh produce highlights the need for enhanced public health surveillance to detect foodborne outbreaks. Fresh produce such as lettuce, tomatoes, and seeds for sprouting may have complex and widely dispersed distribution patterns, as well as low or intermittent levels of contamination. Thus, outbreaks due to these items may be geographically diverse and have a low attack rate (1, 43, 44) . Laboratory-based surveillance and subtyping of isolates from sprout-and produce-associated outbreaks are critical for recognition of these events and timely response. Subtyping of isolates, including serotyping and molecular typing such as PFGE, can help determine whether clusters of infections across several states are related (10), as well as to link geographically distinct outbreaks to a common source (18) . At the national level, surveillance has been enhanced by a cluster-detection algorithm applied routinely to Salmonella serotype surveillance data to detect possible outbreaks (45) . For E. coli O157:H7, a national electronic subtyping network has been established that will allow participating state public health laboratories and the Centers for Disease Control and Prevention to rapidly compare DNA PFGE patterns of E. coli O157:H7 strains with the patterns in a national database.
Some sprout-associated foodborne outbreaks have been international in scope, underscoring the importance of close communication and collaboration among nations to rapidly recognize and control such events (9) (10) (11) . Successful response to international foodborne outbreaks has demonstrated the utility of a common language, such as Salmonella serotyping, for comparing strains from around the world (46) . International surveillance networks such as Enternet (formerly Salm-Net) provide a forum for rapid exchange of surveillance data and notifications about outbreaks that may involve internationally distributed food products, including seeds intended for sprouts (10, 47) .
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